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Abstract. The general framework of large-eddy simulations (LES) is presented first, with Smagorinsky’s model.
Afterwards Kraichnan's spectral eddy-viscosity is introduced and it is shown how it can be handled for LES
purposes in isotropic turbulence. The spectral eddy viscosity is generalized to a spectral eddy diffusivity. The
nonlocal interaction theory isused to discussthe backscatter issue, and ageneralization of spectral eddy coefficients
is presented. This so-called spectral-dynamic model allows the representation of non-developed turbulence in the
subgrid scales. Utilization of these spectral models in physical space is envisaged in terms of, respectively, the
structure function and hyperviscosity models. Two applications of these models to shear flows are considered,
namely the plane mixing layer and channel flow, with statistical resultsand information on the topology of coherent
vortices and structures presented.
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1. Theneed for large-eddy simulations

A direct-numerical simulation (DNS) of aturbulent flow hasto takeinto account explicitly all
scalesof motion, from thelargest, imposed by the existence of boundaries or the periodicities,
to the smallest. The latter may be for instance the Kolmogorov dissipative scale (¢/22)Y/4 in
three-dimensional isotropic turbulence, or the viscous thickness v /v, in aturbulent boundary
layer.

It is well-known (see e.g. [1]) that the total number of degrees of freedom necessary to
represent a turbulent flow through this whole span of scales is of the order of ng/ *in
three dimensions for isotropic turbulence, where R; is the turbulent Reynolds number based
on theintegral scale. Right now, calculations done within reasonable computing times on the
biggest machinestake about 2562 grid points. Theimprovement isvery slow, and the Reynolds
numbersthus attained with the aid of DNS are still several orders of magnitude lower than the
huge Reynolds numbers encountered in natural situations.

The conclusion we draw is that, for a weakly viscous fluid, it is not possible in the near
future (and perhaps not in the distant future either) to simulate explicitly all the scales of
motion from the smallest to the largest. Generally, scientists or engineers are more interested
in the description of the large scales of the flow, which often contain the desired information
about turbulent transfers of momentum or heat. It isthese large scales which will be simulated
on the computer. Thisis done with LES (large-eddy simulation) techniques.

The paper is organized as follows. Section 2 presents the general framework of LES
carried out in physical space, and the widely used model proposed by Smagorinsky [2].
Section 3 describes the concept of spectral eddy viscosity proposed by Kraichnan [3], and
showshow it may be used for LES purposes. A generalization to a spectral eddy diffusivity for
ascalar convected by the flow is discussed. This section presents results of the spectral eddy-
viscosity model applied to decaying isotropic turbulence, with emphasis put upon infrared
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backscatter. It introduces also a new model, the spectral-dynamic model, where the spectral
eddy coefficients take into account non-devel oped turbulence in the subgrid scales. Section4
shows how the spectral-space LES point of view may be recovered in physical space, in
terms of the structure-function model and hyperviscosity models, respectively. Section 5 will
mainly present applications of thefiltered structure-function model to atemporal or spatially-
developing plane mixing layer, and Section 6 will concern the plane turbulent channel studied
with the spectral-dynamic model. In the two cases, statistical results as well as information
regarding the topology of coherent vortices and structures will be given.

2. LESin physical space: the formalism
2.1. GENERALITIES

We present here theformalism for incompressibl eturbul ence, with someindications of theway
compressibility may be handled. We consider the philosophy of LES when the computation
is carried out in physical space, using finite-difference or finite-volume methods. We assume
first for the sake of simplification that the spatial discretization is cubic, Az being the grid
mesh. To the fields defined in the continuous space x, we will associate filtered fiel ds obtained
through convolution with a filter G A, chosen so as to eliminate fluctuations in the motions
of wavelength smaller than Az. Thefiltered velocity and temperature are

2%, ) = [ u(y.H)Gaslx—y)dy. (1)

Txt) = [ T, 0)Gaslx—y)dy @

and the same for any quantity f (scalar or vectorial)

Fout) = [ 100G astx =y dy = [ fix=y,0Ga(y) dy. ©

We can easily check that such a filter commutes with temporal and spatial derivatives, so
that the continuity equation for the filtered field holds. This is, however, no longer valid on
irregular grids, where the filter has a variable width. Let u’ and 7" be the fluctuations of the
actual fieldswith respect to the filtered fields

u=a-+u" T=T+T (4)

and more generally f = f + f'. A prime denotes field fluctuations at scales smaller than Az
(the ‘grid scale’), and will thus be referred to as subgrid-scale fields.
Let us write the Navier—Stokes equations as

ou; 0 1 op 0 Ou;  Ouy
—(uju;) = —— — + — . 5
ot + 0w (i) po Ox; + Ox; {V <8$j + 8$Z>} ©)

After applying the filter, we get

ouw 0 19 0 9u; | Ou, y
at + 8xj (uzu]) N L0 8:UZ + 8:Uj {V (8:6] + 8$Z> +TZ]}7 (6)
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where
Tij = wiu; — uuy )

is the subgridscale tensor. The filtered fields do not need to be resolved at scales smaller than
Az, since they do not contain fluctuations under this scale. Therefore, they can be properly
represented by the computer, provided proper numerical schemesare used. The main problem
lies in the subgrid-scale tensor: when expressed in terms of fluctuations with respect to the
filtered field, certain termsremain unknown. The equations of motion for thefiltered field have
anal ogieswith the Reynolds equations for the mean flow in non-homogeneousturbulence, but
terms other than —u;u’; ariseinthe LES.

Inthe LES, we haveto solvethe Navier-Stokes equationsfor thefiltered field (large scales)
modified by supplementary subgrid-scale terms which we do not know. Reviews of LES
methods may be found in [1, 4].

The same analysis may be given for a scalar 7' (not necessarily passive) of molecular
diffusivity x convected by the flow. It satisfies

oT 0 0 oT
eqT(TUj)—a—{fﬁ 3—%} ®)

Lj Ly

If the low-passfilter G'a, isapplied to this equation, we find

or 0 = 0 or - —
5 + o, (Tuj) = 9 {f-c oz, + T'u; Tu]}. 9)
Here, again, the question of modelling the subgrid scalar fluxesis posed.

The problem of the subgrid-scale modelling is a particular case of the passage from
‘micro’ to ‘macro’, where the laws governing a medium are known at a microscopic level,
and evolution laws at a macroscopic level are sought. Here, in turbulence, the ‘ microscopic’
level corresponds to the individual fluid particle obeying the Navier-Stokes equations; the
‘macroscopic’ level represents the filtered field.

From a mathematical point of view, the LES problem is not very well posed. Indeed, let
us consider the time evolution of the fluid as the motion of a point in what resembles a phase
space of very large dimension. At some initial instant, the flow computed with LES will
differ from the actual flow, due to the uncertainty contained in the subgrid scales. Thisinitial
difference between the actual and the computed flow will grow, due to nonlinear effects, as
in a dynamical system having a chaotic behaviour. Therefore, the two points will separate
in phase space, and, as time goes on, the LES will depart from reality. However, as will be
seen below, LES allows to predict the statistical characteristics of turbulence, as well as the
dynamics of coherent vortices and structures.

2.2. EDDY-VISCOSITY AND DIFFUSIVITY

In order to model the subgrid terms, we will now make an eddy-viscosity and eddy-diffusivity
assumption. More specifically, we write

Ty = 2vy Sij + $Tudij, (10
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where

a 1 /[ ou; (917,]'
%i=3 (axj " &vi) an

is the deformation tensor of the filtered field. The LES momentum equation becomes

ou; _ Ou; . 1 0P 0 o
v +U/]87j = o O +28:rj (v + 1) S5} (12)

P = p — (1/3)poTy being a modified pressure, determined with the help of the filtered
continuity equation (still valid on a regular mesh). For the scalar, we introduce an eddy
diffusivity x;, asfollows

_ — T
Tu; —Tuj = Iit%, (23)
J

toyield

or _ of o
L o 14
ot Yoz, ~ oa, {(“+“t)axj} (14

The eddy diffusivity is related to the eddy viscosity by the relation

pl) — 43

r

7 (15)
Kt
where P,n(t) is aturbulent Prandtl number which will be specified below.

For compressible turbulence, we will assume that the subgrid scales are not far from
incompressibility, and write compressible the Navier-Stokes equations for the filtered fields,
with the above incompressible eddy-coefficients supplementing the molecular (viscous and
diffusive) ones. This is certainly justified away from the shocks. In the shock region, and
athough the eddy viscosity is no longer physically justified, it may have a favourable effect
by contributing to the stabilization of the shock.

The questionisnow to determinethe eddy viscosity (X, ). Noticethat thiseddy-viscosity
assumption, in the framework of which we will be working here, is rather questionable. We
expect, however, that the information about the physics of turbulence derived with this concept
may help to improveit.

2.3. SMAGORINSKY’'S MODEL

The most widely used eddy-viscosity model was proposed by Smagorinsky [2]. He was
looking for an eddy-viscosity simulating in some way the three-dimensional Kolmogorov
energy cascadein the subgrid scales. A local mixing-length assumption is made, in which the
eddy viscosity is assumed to be proportional to the subgrid-scale characteristic length Az,
and to acharacteristic turbulent velocity va, = Az|S|. Here | S| isatypical velocity gradient
at Az, determined with the aid of the second invariant of the filtered-field deformation tensor
S;; defined in (11). Smagorinsky’s eddy viscosity reads

vy = (CsAx)?|S|, (16)
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with |S| = 1/25,;S;;. If we assume that ko = /A, the cutoff wavenumber in Fourier

space, lies within a £ —%/3 Kolmogorov cascade, we can adjust the constant C's so that the
ensembl e-averaged subgrid kinetic-energy dissipation isidentical to . We find

Cs =~ — > a7)

1 <3CK> —3/4
Thisyields Cs ~ 0-18 for a Kolmogorov constant C'x = 1-4. In fact, the dynamic-model
ideas (see[5]) will consistin alocal adjustment of C'g, basically to reduce the eddy-viscosity
in places where turbulence is not totally developed, or during transition.

It should be noted that an existence theorem, uniqueness and regularity concerning the
LES equations with Smagorinsky’s model was derived by Lions[6].

We will discuss the performance of Smagorinsky’s model in various applications which
will be presented below. We will now present a different point of view of LES when working
in Fourier space.

3. LESin spectral space
3.1. SPECTRAL EDDY VISCOSITY AND DIFFUSIVITY

The formalism of spectral eddy viscosity is due to Kraichnan ([2], see dso [3,7,8]) in the
case of a Kolmogorov subgrid-scale spectrum. We adapt it here to a wider range of spectra,
and to a scalar convected by the flow.

We assume that the Navier-Stokes formalism is written in Fourier space (which requires
periodicity in the three spatial directions), and consider the cutoff wave number k¢ = Az 1
aready envisaged above. We define a sharp low-passfilter by setting equal to zero the velocity
and scalar amplitudes at wave vectors whose moduli are larger than k. Let usfirst consider
the kinetic-energy and scalar transfers given by the EDQNM theory® ([1]). We assume first
k <« k¢ (both modes being larger than &;, the kinetic-energy peak). Then we can write the
spectral evolution equations for the supergrid-scale velocity, E(k, t), and scalar, Ey(k,t)
spectraas

(% + 2yk2> E(k,t) = Tepy, (kyt) + Tsg(k, 1), 18)
(% + an2> Er(k,t) = T<T,Cc(k, t) + ng(k, t), (19)
with
Tsg(kyt) = —ZVfosz(k,t), (20)
Lo OE(p, 1)

B v 21
Yt 1 /kc Oopp [5 (p,t) +p o dp, (1)
1Y (k,t) = —2k°k*Er(k,t), 22)

2 ee]
K =5 [ OBt dp, (23)
3 Jke
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where 6}, and 6, are nonlinear triple-correlation relaxation times of the EDQNM theory.

Thesupergrid-scaletransfersT', . (k, t) and T<ch (k, t) correspondtotriad interactionswhose
wave numbers lie in the supergrid range, and hence do not need any modelling, since they
can be calculated exactly in the large-eddy simulation. Here, the nonlocal transfers from the
supergrid to the subgrid scales have been evaluated with the aid of leading-order expansions
with respect to the small parameter k/k¢.

Let usstart by assumingak—5/3 inertial range at wave numbersgreater than k.. We obtain

1/2
v® = 0-441C ~3/2 [%} : (24)
C

Ve
Ko = —— (29)

t Pr(t)

with

PY = 0.6. (26)

The latter value is in fact the highest value permitted by the EDQNM theory (see [1], for
adiscussion of this point). If we assume, for instance, a Kolmogorov constant of 1-4 in the
energy cascade, the constant in front of (24) will be 0-267. When & is close to k¢, the above
concept of spectral eddy viscosity and eddy diffusivity can be generalized for a k—°/2 inertial
range extending over wave numberslarger than k. It is possible, with the aid of the EDQNM
approximation, to calculate the subgrid-scale transfers, corresponding to triadic interactions
where at least one of the wave numbers p and ¢ is greater than k¢. This alows us to define
two functions v, (k|kc) and . (k|kc), respectively, the eddy viscosity in spectral space ([3]
and the eddy diffusivity in spectral space ([8]), such that

Tiy(k,t) = —20(klkc)k? E(k, 1), (27)

T}, (k,t) = =2k, (k|kc) K*E(k,1). (28)
The functions v (k|k¢) and k¢ (k|kc) are such that

vi(klkc) = K(k/ko)v, (29)

ki(klko) = C(k/kc)rki, (30)
where v and x7° are the asymptotic values given by (24, 25 and 26). As shown by Kraichnan
[3], K(x) is approximately constant and equal to 1, except in the vicinity of k/kc = 1
whereit displays a strong overshoot (cusp-behaviour), due to the predominance of semi-local
transfers across k. It was shown in [8] that C'(z) behaves qualitatively as K (z) (plateau
at 1 and positive cusp), and that the spectral turbulent Prandtl number v, (k|kc)/ki(k|kc) is

approximately constant (and thus equal to 0-6).
In fact, the function K (z) can be put in the form

K(z) =1+ v z®, (31)

n
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with2n =~ 3-7([7, 8]). We proposeto determinev;; by considering the energy bal ance between
explicit and subgrid-scale transfers. Thisyields

ko
/ 2uk2E(k, t) dk = ¢,
0

which, in an infinite Kolmogorov inertial range, leads to

1 . 2

Y TG T 3x 0dat (32)
We will return to this expression bel ow, when we shall be working in physical space in terms
of generalized hyperviscosities.

Let us mention that the use of the subgrid-scale transfers (27), (28) allows us to solve
numerically the EDQNM Kkinetic energy and passive scalar evolution equations at zero mole-
cular viscosity and conductivity in the self-similar decaying regime (for & < k¢), as shown
by [7, 8].

3.2. LES OF ISOTROPIC TURBULENCE

Let us now return to the evolution equations (in spectral space) of the instantaneous filtered
fields (for |k| < k¢)

0 _
(a + Vk2> (K, 1) = tep (K, ) +tsq(K, 1), (33)
(% + nk2> T(k,t) = 2 (K1) + L, (K, 1), (34)

with the usual distinction between the explicit supergrid transfers, still calculated by a trun-
cation for k, p, g < k¢ of the nonlinear terms involved in Navier—Stokes equations in Fourier
space (see[3]), and the unknown subgrid-scale transfers. We propose to model the latter with
the aid of v, (k|kc) and k. (k|k¢) introduced in (27, 28), namely

tog (K, 1) = —vy (bl ) K2 (K, 1), (35)
1 (K, t) = — s ([ke)K2T (K, t). (36)

This subgridscale modelling is justified at the energetic transfer level, in the sense that, when

wewrite the exact evolution equationsfor the spectraof @ and 1" asthey arise from (33, 34), we
obtain the EDQNM subgridscal e transfers calculated in (27, 28). The results of the spectral-
cusp eddy viscosity applied to LES of decaying three-dimensional isotropic turbulence are
satisfactory. The first calculations of this type at a very low resolution were donein [7, 8],
respectively for the momentum equation and the passive scalar. Figures 1(a) and 1(b) show the
decaying kinetic-energy and passive scalar spectraobtained in analogous LES at a resolution
of 1283 Fourier modes carried out by [9] (seealso[10]). Theinitial velocity and scalar spectra
are proportional, with a Gaussian ultraviolet behaviour and a k2 infrared spectrum. It can
be checked that Kolmogorov and Corrsin-Oboukhov k~5/3 cascades result. Afterwards, the
Kinetic-energy spectrum decays self-similarly, with aslope between —5/3 and —2. The scalar
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Figure 1. 3D isotropic decaying turbulence, resolution 128%; decay of kinetic-energy (a) and passive-scalar (b)
spectra, calculated from the LES of [9] with the spectral-cusp eddy viscosity.

spectrum seems to have a very short inertial-convective range close to the cutoff, and a very
wide range shallower than £~ in the large scales. This range was explained by [11] as due
to the quasi two-dimensional character of the scalar diffusion in the large scales, leading to
large-scale intermittency of the scalar.

3.3. THE SPECTRAL BACKSCATTER

Let uslook now at the infrared (k — 0) spectraobtained in Figures 1(a) and 1(b). The initial
dopeis k8, as aready stressed, and we see the formation of k* spectra. These spectra were
predicted with the aid of two-point closures such as EDQNM? (see [12]) many years before
they could be observed in the LES of [9, 10]. The derivation is the following: let k; and &/
be, respectively, the peaks of the kinetic-energy and scalar spectra. The nonlocal interactions
theory, where the nonlocal transfers are calculated to leading order in terms of expansionsin
powers of the small parameters k /k; (resp. k/k!) permits to show that nonlocal transfers are
dominant in this infrared range, and, respectively, equal to

14 o0 E(p)?

T(J, 1) ~ b /k " oy I()Z) dp, 37)
4, (% B

T" (k,t) = §k4 /kT 000 % Er(p) dp, (38)

for the vel ocity and the scalar. Thesetransfers, which arisein therhs of the evolution equations
for the spectra

(% + 2yk2> E(k,t) = T(k,t), (39)
(3 + 2%2) Ep(k,t) =TT (k,t) (40)
ot ’ Y

inject ak* spectrumin low wave numbers, through somekind of nonlinear resonant interaction
between two modes ~ k;. This spectral backscatter is responsible for the sudden appearance
of k& infrared spectrawhen the initial spectraare sharply peaked, or simply o &° with s > 4.



Large-eddy simulations of shear flows 203

This spectral backscatter phenomenon is important, since energy is thus injected at very low
wave numbers, and, to our knowledge, two-point closure theories are the only ones which
permit to predict it analytically®. Violent backscatter phenomena occur also in the statistical
unpredictability theory both in two and three dimensions, as shown in [13].

Noticefinally that, in the case of decaying isotropic three-dimensional turbulence, and for
aninitial infrared spectrum o k2, an eddy-viscousterm ~ —2uv,(k|k;)k?E(k, t) isalso present
inT(k, ), together with the £* backscatter. But both terms being of order (k/k;)*, they do not
influence the evol ution of the Ihs of Equation (39), whichisof the order (k/k;)2. Thisimplies
exact permanence of big eddies, with a k2 infrared spectrum which is time invariant. The
same holdsfor the scalar. If, on the other hand, turbulenceisfed by some forcing concentrated
around k;, a stationary solution will imply an infrared balance between the backscatter and
the eddy-viscous transfers, yielding a k2 equipartition spectrum. A last remark is that the &%
backscatter is negligiblein LES where the cutoff k¢ liesin the middle of a Kolmogorov range.
Backscatter effects exist, which send back energy from the filtered to the subgrid scales. But,
from an energetic point of view, they are contained in the cusp part of the plateau-cusp eddy
viscosity considered above.

3.4. SPECTRAL DYNAMIC MODEL

We will present below a local generalization of the plateau-cusp spectral eddy viscosity to
physical space (structure-function model), which gives better results for isotropic turbulence
as far as the Kolmogorov cascade is concerned. But let us show now an adaptation of the
spectral-cusp model to kinetic-energy spectracc k" for k > k¢, when the exponent m isnot
necessarily equal to 5/3. The eddy viscosity given by (21) is now

o 1 5-m (ko) 1Y?
O A e I “
for m < 3. The constant 1/(15a1) multiplying the rhs of (41) and coming from the EDQNM
theory for the kinetic-energy spectrum, is equal to 0-31C% %/2. This expression, derived
in [11], was used by Lamballais ([14, 15]) for LES for a plane channel (see below). The
associated eddy diffusivity is

1/2
R = 4”3"‘[()], (42)
3a3 m+1 ko
and the turbulent Prandtl number
5 m a3

where the constant a3 arises in the EDQNM scalar-spectrum equation. It is such that we
recover P\") = 0.6 for m = 5/3, so that we find finally

P =018(5—m). (44)

For m > 3, thisscaling is no longer valid, and the eddy-viscosity and diffusivity coefficients
will be set equal to zero. In the spectral dynamic model, the exponent . is determined through
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the LESwith theaid of aleast-squaresfit of thekinetic-energy spectrum closeto the cutoff. The
asymptotic eddy viscosity (41) is multiplied by the plateau-cusp function K (k/k¢) defined
above.

4. Return to physical space
4.1. STRUCTURE-FUNCTION MODEL

Now, let us consider the EDQNM eddy viscosity (still scalingon \/E(k¢)/kc) without cusp,
and adjust the constant as proposed by [16], by balancing in theinertial range the subgridscale
flux with the kinetic energy flux e in the energy spectrum evolution equation®. Thisyields

vi(ke) = %C;(s/z {Mrm.

o (45)

The difficulty with such an eddy-viscosity (if the energy spectrum may be computed) is that
it isuniform in space when used in physical space. Obviously, the eddy viscosity should take
into account the intermittency of turbulence: there is no need for any subgrid-scale modelling
in regions of space where the flow islaminar or transitional. On the other hand, it is essential
to dissipate in the subgrid scales the local bursts of turbulence if they become too intense.
Considering also that turbulence in the small scales may not be too far from isotropy, the
authors of [11] proposed to return to the classical formulation (10) in the physical space,
where the eddy viscosity is determined with the aid of (45). E(k¢, x) is now alocal kinetic
energy spectrum, calculated in terms of the local second-order velocity structure function of
thefiltered field

Fa(x, Ax) = ([[U(x,6) = u(x+1.0)7) (46)

asif the turbulenceis three-dimensionally isotropic, with Batchelor’'s formula

Fo(x, Az) = 4 /0 * Bk) (1 - w> d. (47)

For a Kolmogorov spectrum this yields
vSF (x, Az) = 0-105C /% Az [Fa(x, Az)] Y2, (48)

F,iscalculated with alocal statistical average of squarevel ocity differencesbetweenx andthe
six closest points surrounding x on the computational grid. In some cases, the average may be
taken over four pointsparallel in agiven plane; in achannel, for instance, the planeisparallel to
the boundaries. Notice also that, if the computational grid is not regular, interpolations of (48)
have been proposed in [4], where they used the fact that the second-order velocity-structure
function scaleslike (¢7)%/2 in aKolmogorov inertial range.

The structure-function model (SF) works well for decaying isotropic turbulence, where
it yields a fairly good Kolmogorov spectrum ([11]), better than Smagorinsky’s model (with
Cs = 0-2) and Kraichnan's spectral-cusp model.

The SF model gives also good results for free-shear flows, where it is able to stretch
secondary thin longitudinal hairpin vortices between primary vortices (see [4]). However,



Large-eddy simulations of shear flows 205

selective or filtered versions of it work better in this case (see below). The SF model permits
also to go beyond transition in a temporal® compressible boundary layer upon an adiabatic
wall at Mach 4-5 ([17]). But it does not work for transition in a boundary layer at low Mach
(or incompressible) where, like Smagorinsky, it is too dissipative and prevents TS waves to
degenerateinto turbulence. Thisisstill true within the four-point formulation in planes parallel
to the wall, which eliminates the effect of the mean shear at the wall on the eddy viscosity.
In fact, the spectrum Ey (k) determined by the isotropic formula (45) is too sensitive to the
inhomogeneous low-frequency oscillations caused by the TS waves.

4.2. SELECTIVE AND FILTERED SF MODELS

To overcomethe difficulty of dissipating too much the large quasi two-dimensional vortices or
transitional waves, two improved versions of the SF model have been developed: the selective
structure-function model (SSF), and thefiltered structure-function model (FSF). The dynamic
model in physical space (see [5]) is another way of adapting the eddy viscosity to the local
conditions of the flow.

The SSF model was developedin[18]. Theideaisto switch off the eddy viscosity when the
flow is not three-dimensional enough. The three-dimensionalization criterion isthe following:
wemeasurethe angle between the vorticity at agiven grid point and the averagevorticity at the
six closest neighbouring points (or the four closest pointsin the four-point formulation). If this
angle exceeds 20°, the most probable value according to simulations of isotropic turbulence
at aresolution of 32% ~ 643, the eddy viscosity is turned on. Otherwise, only the molecular
dissipation is active. The constant arising in (48) is changed, and determined with the aid of
LES of freely-decaying isotropic turbulence: we require that the eddy viscosity averaged over
the computational domain should be the same in a selective structure-function model and a
SF model simulation. It is found that the constant in (48) has to be multiplied by 1.56.

The SSF model works very well for isotropic turbulence and free-shear flows, as well as
for a compression ramp at Mach 2.5 (see [18]). We have used it also with successin LES
of a flow above a backward-facing step. The SSF model depends, however, upon the most
probable angle of the next neighbours average vorticity, chosen above equal to 20°. In fact,
this angle is a function of the resolution of the simulation, since it should go to zero with
Az, and may be with the type of flow considered. Progress in this model should be made by
adjustment of this angle to the local grid.

The FSF model was developed by Ducros ([19]) and applied to a boundary layer at Mach
0-5 ([20]). Here, the filtered field u; is submitted to a high-pass filter in order to remove
low-frequency oscillations which affect Ex(k¢) in (45). The high-pass filter is a Laplacian
discretized by second-order centered finite differences and iterated three times. It was shown
in[19] that, for some 3D random or turbulent isotropic test fiel ds, the eddy-viscosity (48) can
be written as

vESF (X, Ax) = 0-0014 C,. 2 * Aa[Fy(x, Axz)]Y/2, (49)

where F> is the second-order velocity structure function of the high-pass filtered field. This
model gives good results for transition in a spatially-devel oping boundary layer. Thissimula-
tion (see[20]) was done for aweakly-compressible case at M, = 0-5, for an adiabatic plate.
It isseen how a TSwave, to which athree-dimensional white noise perturbation is superposed
upstream, propagates downstream. First, quasi two-dimensional billows of relatively low pres-
sure and high vorticity form, then undergo some sort of staggered unstability, as predicted by
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[21], while weak longitudinal high- and low-speed streaks develop at the wall. Finally, the
staggered pattern breaks down into turbulence, within which the classical high- and low-speed
streaks are observed, with gjection of hairpins above the latter. The FSF model is, however,
not ‘perfect’ for the prediction of average quantities. It overestimates, in particular, the mean
velocity in the logarithmic profile by about 15%. The same happens when it is applied to the
incompressible channel ([14]). In the latter case, the spectral dynamic model presented above
works better, aswill be seen below.

4.3. GENERALIZED HYPERVISCOSITIES

One of the common drawbacks of the different versions of the SF model is the absence of
cusp near k¢. We return to (32), where we take n = 2, which yields 2n = 4, not far from the
EDQNM 3-7 value. Then (32) yields 5 = 2-044, so that an equivalent of the spectral-cusp
eddy viscosity in physical space is for the subgrid-scale dissipative operator in the filtered
Navier-Stokes equation

0 SF & Az\* SF (x72\3~
2%[0-661 v+ Si;] + 1-351 — vyt (Vo) a;, (50)
J

where v isgiven by (48). Thismodel® was used by the authors of [22] inaLES of arotating
stratified jet subjected to baroclinic instability. They could show developmentsof primary and
secondary instabilities of thethermal frontsvery similar to what is observed in the atmosphere.

Notice that, as for Smagorinsky’s, existence and unigueness have been demonstrated by
Lions[6] for a subgrid-scale dissipation of the type (50), where v, is replaced by v, provided
the exponent arising in the Laplacianis > 2.

If we want to have now in physical space a model equivalent to the spectral-dynamic
model, the dissipative operator (50) has to be multiplied by the constant

A= 2/3-m, (51)
m

where m is the slope of the kinetic-energy spectrum at the cutoff, which has to be obtained
dynamically in some way. This might be possibleif at |east one periodicity direction existsin
the flow. For a scalar, the corresponding turbulent Prandtl number is given by (44).

Such a spectral-dynamic generalized hyperviscosity model should be tested on various
shear flows, such as those presented below.

5. Mixing layer

We show now three-dimensional results of the filtered structure function model applied to a
plane mixing layer in the temporal and spatial cases, respectively.

5.1. TEMPORAL MIXING LAYER

We consider in a fluid of constant density a mixing layer periodic in the streamwise and
spanwise directions, initiated by a hyperbolic-tangent vel ocity profile, to which is superposed
a small random perturbation. We take free-dip boundary conditions on the upper and low-
er boundary, and use pseudo-spectral conditions in the three dimensions of space. A LES
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Figure 2. Vorticity field obtained in the LES of atemporal mixing layer forced quasi two-dimensionally.

incorporating the spectral-dynamic model shows the following results. If the perturbation
is quasi two-dimensional, the mixing layer evolves into a set of big quasi two-dimensional
vortices which both undergo pairing and stretch intense longitudinal hairpin vortices in the
stagnation regions between them. Such a pattern is shown in Figure2, taken from [23], and
presenting amap of the vorticity modulus. This stretching of longitudinal vortices, which has
been observed experimentally for along time (see e.g. [24] and [25]), may be explained as
follows: let us consider the vorticity equation, written for a perfect fluid of uniform density as

Dw
Dt

:w+%wxw:

Wl
Wl

=VU: w= D w, (52)

where D/Dt is the substantial derivative following the flow motion, and .S the deformation
tensor, introduced in (11) for thefiltered field. If we assume that the vorticity in the stagnation
region between the vortices is weak, we may assume (at least initially) that the deformation
tensor will not vary while the vorticity is stretched. Since the deformation tensor is rea and
symmetric, it admits eigenvectors (principal axes of deformation) which are orthogonal and
can form abasis. Let s1, so, s3 be the three eigenvalues. Due to incompressibility, their sum
is zero, so that one of these is positive (called here s1) and another one at least is negative.
Let so be the smallest eigenvalue that is always negative. Working in the orthonormal frame
formed by the eigenvectorsl, t, s associated, respectively, with sq, so, s3, we observe that the
vorticity components w1, wy, w3 satisfy the following equations

Dw1 Dw» Dws

W = S1Wwiq, W = S2w2, W = S3Wg3, (53)

and the vorticity will be stretched in the direction of the first principal axis, and compressedin
the direction of the second. Generally, S is not far from a pure deformation in the stagnation
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Figure 3. Vorticity field obtained in the LES of atemporal mixing layer undergoing helical pairing.

region, so that, approximately, | will be inclined 45° with respect to the mean flow, swill be
spanwise, s3 = 0and s, = —s1. Such aderivation unifies explanationsgivenin [26] and [27].
Intense longitudinal hairpins were also found in [28] in temporal mixing-layer LES that used
the spectral-cusp eddy viscosity. An interesting feature of these ssimulations is to show that
longitudinal vorticity stretched between the primary Kelvin-Helmholtz vortices is rolled up
within the cores of the big vortices, thus producing intense longitudinal vorticity fluctuations
in the cores themselves. In Figure2, the maximum longitudinal vorticity stretched is of the
order of 4w;, which might be larger than the effective valuesreached experimentally. Actually,
the efficiency of the longitudinal stretching could depend upon the amplitude of the initial
perturbation and the Reynolds number.

Experimentsin a developed mixing layer ([25]) show that the spanwise wavelength of the
longitudinal vorticesis of the order of two thirds of the longitudinal wavelength of the primary
Kelvin-Helmholtz vortices between which they are stretched. This is precisely the most-
amplified spanwise wavel ength within a secondary-instability analysis of Stuart’s vortices, as
shown by Pierrehumbert and Widnall [29]. This instability, called the trandlative instability,
corresponds, infact, to aglobal in-phase oscillation of the big billowsin the spanwisedirection,
and cannot explain the formation of the thin longitudinal hairpins. A plausible explanation
could be that they do form according to the mechanisms corresponding to (53), but with a
preferred spanwise wavelength imposed by the trandlative instability. Numerical simulations
in the temporal or spatial cases need larger domains in the spanwise direction in order to
validate the value of the preferred spanwise wavelength.

Infact, the numerical resolution of thethree-dimensional Orr-Sommerfeld equation at large
Reynolds number shows that the most-amplified mode in the 3D temporal mixing layer is
indeed two-dimensional. By anaive application of thisresult, we might have believed that two-
dimensional Kelvin-Helmholtz vorticeswould emerge from aweak three-dimensional random
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Figure 4. Low-pressure field obtained in a spectral-cusp LES in the helical-pairing case.

isotropic perturbation superposed upon the basic shear. But this is not at all what happens
numerically. Instead, Comte et al. ([30, 31]), using DNS with pseudo-spectral methods at a
resolution of 128° Fourier-wave vectors and a Reynolds number Ud; /v = 100, displayed the
evidence for helical pairing, where vortex filaments oscillate out-of-phase in the spanwise
direction, and reconnect, yielding a vortex-lattice structure. We have recovered the same
dislocated pattern in LES (using the spectral-dynamic model) with the sameforcing. Figure 3
shows the vorticity modulus obtained in such a simulation. Figure4 shows the low-pressure
field from an analogous LES using the spectral-cusp eddy viscosity. It confirms that low
pressureis avery good indicator of big or intense vortices. Notice that at the end of the LES
corresponding to Figure3, the statistical data concerning velocity, rms velocity fluctuations
and Reynolds stresses are in very good agreement with the experiments of unforced mixing
layers. The simulation with aquasi two-dimensional forcing isless good from this standpoint.

Theterm ‘helical pairing’ wasfirst proposed in [32], concerning highly three-dimensional
pairings in a mixing-layer experiment. Afterwards, helical pairing was documented in the
experiments of Browand and coworkers [33]. In the secondary-instability analysis of [29],
the subharmonic instability found is identified with the previously observed helical pairing.
Surprisingly, itsamplification rateislower thanitstranslative-instability counterpart. Looking
at DNS or LES of helical-pairing, it turns out that thisis not exactly a‘ secondary instability’:
we do not observe first the roll up of primary billows followed by a staggered deformation.
Instead, oblique waves are seen to grow quickly, yielding directly the lattice structure of
dislocated billows.

Finaly, it may be interesting to see what can be said from the point of view of a scalar
gradient when a scalar is transported passively by the flow. This may be very important if the
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Figure5. LESof anincompressible mixing layer forced upstream by aquasi two-dimensional random perturbation;
the vorticity modulus is shown at athreshold (2/3)w;.

two currents in the mixing layer react chemically, such asin combustion for instance. If the
scalar o satisfies Do /Dt = 0, its gradient follows the equation

D
ﬁva =-—Vvul': Vo. (54)

If we are in a stagnation region between two vortices’ and assume that the vorticity is small
in front of the deformation, (54) may be approximated by

D =
EVU = —S. VO’7 (55)

which yields for the three components of Vo in the principal axes of deformation

D do do D do do D do oo 56
Drol - Yo’ Dion ~ Zon’  Dios  %os (50)
This showsthat the scalar gradient is compressed along thefirst principal axis of deformation,
and stretched in the transverse direction, so that scalar gradients across the mixing-layer
interface will steepen. In case of chemical reaction between the two layers, this will enhance
the molecular exchanges at the interface, and favour the reaction.

5.2. SPATIAL MIXING LAYERS

The temporal approximation is only a crude approximation of amixing layer spatially devel-
oping, where we work in a frame traveling with the average velocity between the two layers.
We present now LES using the FSF model of a spatial mixing layer, initiated upstream by
a hyperbolic-tangent velocity profile superposed on the average flow, plus a weak random
forcing regenerated at each time step. The numerical code combines pseudo-spectral methods
in the spanwise and transverse directions, and compact finite-difference schemesof sixth order
in the streamwise direction (see[14]). Thisis avery precise code of accuracy comparableto
aspectral method at an equivalent resolution. Free-slip conditions are still imposed upon the
upper and lower boundaries. The outflow boundary condition is of the Orlanski’stype [34].
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Figure 6. Same as Figure 5, but with a three-dimensional upstream white-noise forcing, low-pressure field.

With an upstream forcing consisting of a quasi two-dimensional random perturbation,
intense longitudinal hairpins stretched between quasi 2D Kelvin-Helmholtz vorticesare found
again (Figure5). Aninteresting feature found isthat longitudinal vortices of the samesign may
come close together and merge, thus contributing to the global self-similarity of the mixing
layer. When the forcing is a three-dimensional random white noise, helical pairing occurs
upstream, as indicated by the low-pressure maps of Figure6. But none of these simulations
has reached self-similarity, since the kinetic-energy spectra in the downstream region are
steeper than k£ ~>/3, and rms vel ocity fluctuations have a departure of about 20% with respect
to the experiments. Thus calculations in longer domains are necessary, in order to know in
particular in the helical-pairing case whether quasi two-dimensionality might not be restored
further downstream.

6. Thechanne flow

Theresults presented here were obtained by the numerical code just described above, with the
spectral-dynamic eddy viscosity presented in Section 3. Here, the compact schemeisemployed
in the transverse direction, while pseudo-spectral methods are used in the longitudinal and
spanwise directions, which are periodic. Calculations start with a parabolic Poiseuille velocity
profile to which a small white-noise perturbation is superposed, and are run up to complete
statistical stationarity, where a constant flow rate of average velocity U, is assumed across
the section. The channel has awidth 2k, and we define the macroscopic Reynolds number by
R, = 2hU,,/v. It does not change with time during the computation, since U,,, is conserved.
We will define also a microscopic Reynolds number 41t = v,h /v, based on the friction
velocity in the turbulent regime. The kinetic-energy spectrum that allows us to determine the
eddy-viscosity is calculated in each plane parallel to the walls®.

We will present two LES at R, = 6666 (h™ = 204, case A) and R, = 14000 (h* =
389, case B). They are, respectively, subcritical and supercritical with respect to the linear-
stability analysis of the Poiseuille profile. In the two simulations there is a grid refinement
close to the wall, in order to simulate accurately the viscous sublayer. Figure7 shows for
case A the exponent m arising in the energy spectrum at the cutoff, as a function of the
distanceto the wall 4. Regionswhere m > 3 correspond to a zero eddy viscosity and hence
adirect-numerical simulation. Thisisthe case, in particular, closeto thewall, upto y* ~ 12,
where we know that longitudinal velocity fluctuations are very intense, due to the low- and
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Figure 7. Spectral-dynamic LES of the channe! flow (case A), exponent m(y™) of the kinetic-energy spectrum at
the cutoff.

Figure 8. Same LES as Figure 7. Comparison of the mean velocity profile (solid line) versus Piomelli’s [35]
dynamic-model simulations (symbols).

high-speed streaks. Therefore, and since the first point is very closeto thewall (y* = 1), our
LES hasthe interesting property of becoming aDNSin thevicinity of thewall, which enables
us to capture events which occur in this region. Figure8 shows the mean velocity profile in
case A, compared with the LES of Piomelli [35] using the dynamic model of [5]. The latter is
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Figure 9. Same as Figure 8, but for the rms velocity fluctuations, from top to bottom longitudinal, spanwise and
transverse.
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Figure 10. Turbulent channel flow, comparisons of the spectral-dynamic model (solid lines, T = 389) with the
DNS of Kim ([36], symbols, hT = 395); (a) mean velocity, (b) rms velocity components.

known to agree very well with experiments at these low Reynolds numbers. Our simulation
coincides, with the right value for the Karman constant. On the other hand, a LES carried out
with the classical spectral-cusp model with m = 5/3 gives an error of 20% for the Karman
constant. Figure9 shows, for case A, thermsvel ocity fluctuationscompared with Piomelli. The
agreement is still very good, with a correct prediction of the longitudinal velocity fluctuations
peak, corresponding to a maximum intensity for the low- and high-speed streaks. Concerning
the supercritical case, the LES of case B arein very good agreement withaDNSat A = 395
carried out by [36], both for the mean velocity and the rms velocity components. The latter
are shown on Figure 10. Notice that LES allows to reduce the computational cost by a factor
of the order of 100, which is huge. We have checked that, in the LES of Figure10 and very
close to the wall, the spanwise vorticity fluctuations are much higher than their longitudinal
and transverse counterparts. As shown in ([20]), this is due to excursions of high spanwise
vorticity occurring under the high-speed streaks, which are responsible for most of the drag
at the wall.

7. Conclusion

We have presented the general framework of large-eddy simulations (LES), where subgrid-
scale motions are filtered out, their effect being represented by eddy-viscosity and eddy-
diffusivity coefficients in the supergrid-scale motions. We have described Smagorinsky’s
model, which is the most-widely used for engineering applications. L ater, we have presented
adifferent point of view, wherethefiltering isasharp low-passfilter in Fourier space. We have
presented Kraichnan's spectral eddy viscosity, and generalized it to aspectral eddy diffusivity.
We have demonstrated, using the nonlocal interaction theory applied to a stochastic model of
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isotropic turbulence, how a k* backscatter arises in three dimensions, with a k2 equivalent in
two dimensions. We have confirmed the existence of such aspectral backscatter in large-eddy
simulations. We have also presented the spectral-dynamic model, which is a generalization
of the spectral eddy coefficients that allow to deal with laminar and transitional situations.
Returning to physical space, we have reinterpreted these modelsin terms of velocity-structure
functions and generalized hyperviscosity models.

We have applied the sel ective structure-function model to atemporal and spatially-growing
mixing layer. Depending upon the quasi two-dimensional or three-dimensional character of
theinitia or upstream weak perturbation, we have shown how the flow could bifurcate from
aquas two-dimensional state (where longitudinal hairpins are stretched between the Kelvin-
Helmholtz vortices) to a helical-pairing configuration of dislocated vortices. In the former
case, consideration of the vorticity equation permits to show how the vorticity is stretched in
the direction of the first principal axis of deformation. A convected scalar gradient, on the
contrary, is reduced in this direction, and intensified across the interface. Returning to the
hairpin stretching, we have found in the spatially-growing case that two longitudinal vortices
may merge.

We have also applied these models to turbulent channel flow at a subcritical (h™ = 204)
and supercritical (h™ = 389) wall Reynolds number. In the two cases, the results are in
excellent agreement with experiments and direct-numerical simulations. Compared with the
latter at same Reynolds number, the LES reduces the computational cost by a factor of the
order of one hundred.
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Notes

1 Kraichnan [2] considered the Test-Field Model (TFM) instead of the Eddy-Damped Quasi-Normal Markovian
theory (EDQNM), but results are the same in a Kolmogorov inertial range.

2 Thisisaso valid for TFM, DIA (Direct-Interaction Approximation) and even Quasi-Normal theories.

% In two-dimensional turbulence, a k* backscatter also arises (see[1]).

4 The same was done in order to obtain (32).

® Periodic in the flow direction.

& With an equivalent formulation for the density and a turbulent Prandtl number of 0-6.

7 Situation where longitudinal hairpin vortices are likely to form.

8 In fact, the original formulafor the spectral-eddy viscosity considered to model athree-dimensional spectrum.
Itis possible, in the isotropic case and when spectra decrease as a power law, to relate the two-dimensional to the
three-dimensional spectrum. A LES of the channel seems to be insensitive to the particular spectrum chosen.
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